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Abstract
The contemporaneous pointwise product of convective available potential 
energy (CAPE) and precipitation is shown to be a good proxy for lightning. In 
particular, the CAPE × P proxy for lightning faithfully replicates seasonal 
maps of lightning over the contiguous United States, as well as the shape, 
amplitude, and timing of the diurnal cycle in lightning. Globally, CAPE × P 
correctly predicts the distribution of flash rate densities over land, but it does
not predict the pronounced land‐ocean contrast in flash rate density; some 
factor other than CAPE or P is responsible for that land‐ocean contrast.
Plain Language Summary
Forecasting lightning is a challenge because weather and climate models do 
not resolve the processes that lead to the electrification of clouds. Instead, 
simple models must be used to predict lightning based on the available data.
One model that has been proposed is the product of convective available 
potential energy, which is a measure of potential storm energy, times the 
precipitation rate. It is shown here that convective available potential energy
times the precipitation rate explains the distribution and timing of lightning 
over land but does not explain the large land‐ocean contrast in lightning 
flash rates.
1 Introduction
Weather and climate models do not simulate lightning explicitly. Therefore, 
to generate a lightning forecast, a parameterization or proxy for lightning 
must be used. Romps et al. (2014, hereafter, R14) argued that the product of
convective available potential energy (CAPE) and precipitation, written as 
CAPE × P, should be a faithful proxy for lightning. The empirical evidence 
presented by R14, however, consisted primarily of a comparison of time 
series integrated over the contiguous United States (CONUS) at 12‐hourly 
resolution over a single year. In particular, R14 showed that, during the 2011
calendar year, the 12‐hourly time series of 〈CAPE〈×〈P〈 (where angle 
brackets denote a spatial average over CONUS) explains 77% of the variance
in 〈F〈 (where F is the cloud‐to‐ground lightning flash rate).
Although this is an impressive fraction of variance explained, the reliance on 
CONUS‐integrated values and 12‐hr times steps leaves many questions 
unanswered. For example, R14 did not address whether CAPE × P can 
predict the spatial distribution or diurnal cycle of lightning flashes. Nor did 
R14 explore whether CAPE × P could explain the order‐of‐magnitude larger 
rate of lightning over land compared to the ocean. Although mean CAPE 
values are relatively similar over the land and ocean (Lucas et al., 1994), it is
plausible that transiently high values of CAPE (made possible over land by 
the surface's low heat capacity) could give rise to large mean values of 
CAPE × P over land and, therefore, explain the land‐ocean lightning contrast.
Here we use a variety of observational data sets to assess the spatial and 
temporal performance of the CAPE × P proxy in far more detail than in R14. 
In particular, the validation is extended to CONUS seasonal maps, the CONUS
diurnal cycle, and the global distribution. For these analyses, we use four 
data sets of observed CAPE, four data sets of observed precipitation, and 
three data sets of observed lightning.
2 Data Sources
The data sources for CAPE, precipitation, and lightning are summarized in 
Table 1. CAPE values are calculated (using conservation of MSE‐CAPE; 
Romps, 2015; Romps & Kuang, 2010) from the radiosonde profiles of the 
National Weather Service Radiosonde Replacement System (RRS; 
NCDC, 2008) and also taken from the output of three reanalyses: the 
National Centers for Environmental Prediction (NCEP) North American 
Regional Reanalysis (NARR; Mesinger et al., 2006), the European Centre for 
Medium‐Range Weather Forecasts (ECMWF) re‐analysis referred to as ERA‐
Interim (ERA; Dee et al., 2011), and the twentieth Century Reanalysis version
2 (20CRv2) using the NCEP atmosphere‐land model (20CR; Compo et 
al., 2011). The precipitation data are taken from the same three reanalyses 
and also from the National Weather Service River Forecast Centers (RFC; 
Kitzmiller et al., 2013). For lightning, the data come from the National 
Lightning Detection Network (NLDN; Cummins & Murphy, 2009; Orville & 
Huffines, 2001; Wacker & Orville, 1999), the World Wide Lightning Location 
Network (WWLLN; Hutchins et al., 2012; Jacobson et al., 2006; Virts et 
al., 2013), and a merged climatology from the Lightning Imaging Sensor and 
the Optical Transient Detector (LIS‐OTD; Cecil et al., 2014; Mach et 
al., 2007). Further details on the data sources, their normalization, and their 
regridding are given in Text S1 in the supporting information.
3 Optimal Lag Between CAPE and P
Because CAPE can be reduced by precipitation‐driven downdrafts, we may 
not want to use contemporaneous CAPE and P in the CAPE × P proxy. 
Instead, we may want to evaluate CAPE some time before the precipitation 
to get an accurate measure of the CAPE on which convection is feeding. To 
test this, we use NARR CAPE and NARR P over CONUS for 1 January 2010 to 
31 December 2015 and calculate the R2 between the 3‐D NLDN cloud‐to‐
ground lightning flashes F (the three dimensions are longitude, latitude, and 
time) and the 3‐D CAPE × P values, all on NARR's 0.25°, 3‐hourly grid. The 
left panel of Figure 1 shows the resulting R2 as a function of the lag used for 
CAPE relative to P and F (see Text S2). The first thing to notice is that 
the R2 values are all quite low: less than 20%. This is to be expected because
these R2 are calculated from 3‐D data at relatively high spatial and temporal 
resolution, and lightning is random: flashes will correlate with instantaneous 
CAPE × P but not perfectly due to their stochastic nature.
The next thing to notice is that the highest R2 is achieved for zero lag, 
regardless of the season. This means that there is nothing to be gained by 
measuring CAPE at some time before or after the actual precipitation event: 
the best option is to simply use contemporaneous values. To test the 
robustness of this result, we repeat the analysis using NARR CAPE and RFC P,
as shown in the right panel of Figure 1, now making hourly maps by 
combining the hourly RFC P with the most recent CAPE from NARR's 3‐hourly 
reports. Here the R2 values have jumped to as high as 30%; this is because 
the observed RFC precipitation is more accurate than the reanalyzed NARR 
precipitation. The dependence of R2 on lag, however, is very similar to that in
the left panel. Given these results, we henceforth use zero lag for the 
CAPE × P proxy; that is, we use contemporaneous CAPE and P.
4 CONUS‐Integrated Time Series
One of the key results of R14 was the discovery of a high R2 between the 
time series of CAPE × P and F over CONUS. To be more precise, let 〈X〈 
denote the area‐weighted spatial integral of X over CONUS, for any 
variable X. R14 calculated 〈CAPE〈 at 12‐hourly intervals for the year 2011 
from Stratosphere‐troposphere Processes And their Role in Climate (SPARC) 
radiosonde data (SPARC, 2013). Likewise, 〈P〈 and 〈F〈 were calculated at 12‐
hourly intervals from RFC and NLDN, respectively. R14 found that 
the R2 between the 12‐hourly time series of 〈CAPE〈×〈P〈 and 〈F〈 was 0.77 
during the year 2011. Here we repeat this analysis using RRS instead of 
SPARC and calculate the R2 over the 6‐year period covering 2005 through 
2010. The resulting R2, which is given in the RRS‐RFC entry of the 
〈CAPE〈×〈P〈 block of Figure 2a, is 0.76, which is nearly identical to the value
of 0.77 found by R14.
Figure 2a shows the R2 between 12‐hourly (0 and 12 universal time 
coordinated [UTC]) NLDN F and either 〈CAPE〈×〈P〈 or 〈CAPE × P〈 from all 
possible combinations CAPE and P data sources. For each combination of 
CAPE and P data sources, the R2 is calculated using the largest set of years 
that those data sources have in common with the NLDN data. The elements 
of Figure 2a are color coded such that greener cells correspond to higher 
correlations. Note that, for most combinations of data sources, 〈CAPE〈×〈P〈 
and 〈CAPE × P〈 give very similar R2. This means that there was little 
advantage to R14's method of spatially averaging CAPE and P separately 
before multiplying their time series; the time series of spatially averaged 
CAPE × P (i.e., 〈CAPE × P〈) works just as well.
Looking at the diagonal entries in Figure 2a (i.e., NARR‐NARR, ERA‐ERA, and 
20CR‐20CR), we see that NARR is the highest performing of the three 
reanalyses, giving 12‐hourly R2 of 0.63 and 0.57 for 〈CAPE〈×〈P〈 and 
〈CAPE × P〈, respectively. Recalculating the R2 at an hourly resolution to 
probe the reanalyses at times unconstrained by radiosonde data (see 
Text S3 for details and Table S1 for the results), we find that NARR is still the 
most accurate of the three reanalyses, with hourly R2 of 0.63 and 0.60 for 
〈CAPE〈×〈P〈 and 〈CAPE × P〈, respectively.
5 Time‐Integrated CONUS Maps
Whereas Figure 2a and Table S1 give the temporal R2 between CONUS‐
integrated time series, Figure 2b gives the spatial R2 between annual‐mean 
CONUS maps, all on a common 0.5° grid. Here for any variable X, we let  
denote its time average. As before, we see that NARR gives the highest R2: 
for  calculated from NARR CAPE and P, the spatial R2 is 0.83. Note 
also that the R2 for NARR  (0.83) is greater than the R2 for 
NARR  (0.65) and that this inequality holds for all but a few of the 
data combinations. By capturing the temporal covariance between CAPE and
P,  gives a more accurate picture of the spatial distribution of 
lightning.
From Figures 1 and 2b, we have learned that the best way to implement the 
CAPE × P proxy is to use contemporaneous and colocated values of CAPE 
and P, despite concerns about precipitation‐driven downdrafts and their 
impact on CAPE. Fortunately, this is also the simplest way to implement the 
CAPE × P proxy in a weather or climate model: to predict the rate of flashes 
per area in a grid column, we simply take the product of that column's CAPE 
and P and multiply by an appropriate constant (found to be ∼10−11 J−1 by 
R14). We have also learned that, among the reanalyses, NARR gives the 
most accurate CAPE and P over CONUS, as quantified by the correlation of its
CAPE × P with observed lightning flashes.
6 Seasonal and Diurnal Cycles
Having established contemporaneous and colocated CAPE × P as the optimal
proxy and NARR as the best‐performing reanalysis, we can apply this proxy 
to NARR data to examine the seasonal cycle of lightning maps over CONUS. 
The first four rows of Figure 3 show the seasonal maps of NARR  (left 
column) alongside the seasonal maps of NLDN  (right column). The bottom 
row shows the annual means. In the left column,  has been 
normalized by a single multiplicative factor (7.8 × 10−12 J−1) to convert from 
units of W m−2 to units of m−2 s−1. While R14 showed that CAPE × P captures 
the time series of CONUS‐integrated lightning, we see here that CAPE × P 
also largely captures the spatial distribution of lightning strikes and its 
seasonal variation. There are some discrepancies, of course, such as in the 
northern Gulf Coast and in Florida, where the proxy is about 50% too high. 
This may have to do with the relatively maritime character of the 
meteorology, which may cause the proxy to overpredict flash rates there as 
it does over the ocean (see section 7). Table S3 summarizes the 
spatial R2 between seasonally averaged CAPE × P and seasonally averaged F
for all combinations of data sources. For CAPE and P obtained from NARR, 
the R2 values are 0.77 (December, January, February), 0.92 (March, April, 
May), 0.78 (June, July, August), 0.56 (September, October, November) and, 
as discussed in the previous section, 0.83 for the annual mean.
In R14, CAPE was calculated from 12‐hourly radiosonde data. Because of that
low temporal resolution, it was not possible to study the diurnal cycle of 
CAPE × P in any detail. Now, with the NARR data in hand, we can combine 
the 3‐hourly NARR CAPE with the 1‐hourly RFC P. The annually averaged 
diurnal cycle of CONUS‐integrated CAPE × P, scaled by a single factor to give
the observed mean strike rate, is shown as the blue curve at the top of 
Figure 4. Overlaid in red is the annually averaged diurnal cycle of CONUS‐
integrated F. We see that CAPE × P faithfully captures the shape, timing, and
amplitude of the diurnal cycle in CONUS‐integrated flash rate.
While the average diurnal cycle peaks at about 22 UTC, the timing of this 
peak varies with location and season. The maps in the right column of 
Figure 4 show the UTC hour of the maximal flash rate for each season, 
calculated by fitting a sinusoid to the NLDN diurnal cycle and reporting the 
UTC hour of the peak of that sinusoid. From these plots, we see that most 
locations and times of the year have their peak flash rate within the 12 hr 
centered roughly on 0 UTC. The maps in the left column of Figure 4 show the
peak hour of the CAPE × P proxy, calculated in the same way using the 
product of NARR CAPE and RFC P. By comparing the two columns, we see 
that CAPE × P captures the spatial and seasonal variations in the timing of 
the maximum flash rate with great fidelity.
7 Land‐Ocean Contrast
Given these successes over CONUS, we might expect that CAPE × P 
performs well over land globally. Indeed, this is the case. Figure 5 shows the 
annual‐mean lightning flash rate over land observed by LIS‐OTD and WWLLN 
in the first row and the annual‐mean  calculated from ERA and 20CR 
in the second row, all on logarithmic color scales spanning exactly three 
factors of 10. (Here the WWLLN data have been normalized to an effective 
flash rate as described in Text S1.) The correspondence between the two 
rows is quite good: CAPE × P applied to the reanalyses correctly predicts the 
largest flash rates in the Central United States, South America, Central 
Africa, South Asia, Southeast Asia, and Oceania. Although there are 
differences between the reanalyses and the observations, they are 
comparable to the differences between the two observational products.
It has long been recognized that the flash rate of maritime deep convection 
is much smaller than the flash rate of continental deep convection 
(Brooks, 1925; Cecil et al., 2014; Orville & Henderson, 1986). It is natural to 
speculate—perhaps even hope—that the differences in CAPE would explain 
the difference. Over land, the varied topography and the large diurnal cycle 
contribute to the occasional buildup of large CAPE, which is subsequently 
released in explosive convection. Over the ocean, where topography is 
absent and the diurnal cycle is damped by the high heat capacity of water, 
CAPE is much less variable. If precipitation were occurring primarily during 
high‐CAPE events over land, then the CAPE × P proxy might naturally predict
a large land‐ocean contrast in lightning. Unfortunately, this is not the case. 
The bottom two rows of Figure 5 plot the same data as the top two rows but 
without the ocean data masked out. It is readily apparent that CAPE × P 
produces far too small a contrast between land and ocean flash rates. This 
land‐ocean contrast in lightning, and the failure of the CAPE × P proxy to 
predict it, is quantified in Text S4 and Figure S1. The mean rate of flashes 
per area over land is 9.1 (2.6) times higher than it is over the ocean in the 
LIS‐OTD (WWLLN) data, but the mean land‐ocean ratio of CAPE × P is 0.9 
(0.9) in the ERA (NCEP) data. The failure of CAPE × P to explain the land‐
ocean lightning contrast means that some other factor is responsible. One 
candidate is the higher aerosol concentration over land; higher 
concentrations of aerosols have been shown to invigorate convection (Koren 
et al., 2005) and lead to higher flash rates (Stolz et al., 2015, 2017; Thornton
et al., 2017). Another candidate is the lower relative humidity over land, 
which is associated with a deeper subcloud mixed layer and, therefore, 
cloudy updrafts that are wider at birth and, therefore, more protected from 
the buoyancy‐sapping effect of convective entrainment (Lucas et al., 1994; 
Williams & Stanfill, 2002). Other factors that may contribute to the land‐
ocean contrast in lightning include the greater heterogeneity and topography
of the land surface and the different shapes of updraft buoyancy profiles 
over land as compared to the ocean.
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